Decaprenylphosphoryl-D-arabinose, the lipid donor of mycobacterial D-arabinofuranosyl residues, is synthesized from phosphoribose diphosphate rather than from a sugar nucleotide. The first committed step in the process is the transfer of a 5-phosphoribosyl residue from phosphoribose diphosphate to decaprenyl phosphate to form decaprenylphosphoryl-5-phosphoribose via a 5-phospho-␣-D-ribose-1-diphosphate:decaprenyl-phosphate 5-phospho-ribosyltransferase. A candidate for the gene encoding this enzyme (Rv3806c) was identified in Mycobacterium tuberculosis, primarily via its homology to one of four genes responsible for D-arabinosylation of nodulation factor in Azorhizobium caulinodans. The resulting protein was predicted to contain eight or nine transmembrane domains. The gene was expressed in Escherichia coli, and membranes from the expression strain of E. coli but not from a control strain of E. coli were shown to convert phosphoribose diphosphate and decaprenyl phosphate into decaprenylphosphoryl-5-phosphoribose. Neither UDP-galactose nor GDP-mannose was active as a sugar donor. The enzyme favored polyprenyl phosphate with 50 -60 carbon atoms, was unable to use C-20 polyprenyl phosphate, and used C-75 polyprenyl phosphate less efficiently than C-50 or C-60. It requires CHAPS detergent and Mg 2؉ for activity. The Rv3806c gene encoding 5-phospho-␣-D-ribose-1-diphosphate:decaprenyl-phosphate 5-phosphoribosyltransferase is known to be essential for the growth of M. tuberculosis, and the tuberculosis drug ethambutol inhibits other steps in arabinan biosynthesis. Thus the Rv3806c-encoded enzyme appears to be a good target for the development of new tuberculosis drugs.
The cell wall core of Mycobacterium tuberculosis consists of an inner peptidoglycan layer and an outer lipid mycolic acid layer (1) . These two layers are connected by the polysaccharide arabinogalactan (1) . The structure of arabinogalactan is conveniently divided into three regions, namely the linker region (2), a D-galactofuranosyl region (3) , and an arabinofuranosyl region (3) . Enzymes required for arabinogalactan formation have been shown to be essential for mycobacterial growth (4, 5) . The donor for the arabinofuranosyl residues has been shown to be decaprenylphosphoryl-D-arabinose (6 -8) . The carbon atoms of the arabinosyl residue come originally from the pentose shunt (9) and specifically from phosphoribose diphosphate (pRpp) 1 (10) . The first reaction in the formation of decaprenylphosphoryl-Darabinose is the transfer of ribose-5-phosphate from pRpp to decaprenylphosphate 2 (10) to form decaprenylphosphoryl-5-phosphoribose (DPPR). Genetic analysis of a gene cluster found in Azorhizobium caulinodans responsible for D-arabinosylation of nod factor 3 (11) revealed four open reading frames; three of these have homology to M. tuberculosis genes. Rv3806c, which shows homology to the noeC gene of A. caulinodans, was hypothesized to be the 5-phospho-␣-D-ribose-1-diphosphate:decaprenyl-phosphate 5-phosphoribosyltransferase gene because of its transmembrane domains and its homology to prenyl transferases. Hence, efforts to clone and express this gene and characterize the protein product are reported here.
MATERIALS AND METHODS
PCR-The forward primer sequence was 5Ј-CATATGAGTGAAGAT-GTGGTGACTCAACC-3Ј; an NdeI restriction site was included at the 5Ј end (bases underlined). The reverse primer sequence was 5Ј-GGATC-CCTAGCCGAAGGCAACAGCGGC; a BamHI restriction site was included at the 5Ј end (bases underlined), and the stop codon was located adjacent to the BamHI site. M. tuberculosis H37Rv chromosomal DNA and Vent DNA polymerase (Bio-Lab, Inc.) were used in the PCR reactions. The thermocycler parameters were initial denaturation at 95°C for 5 min, 25 cycles of denaturation at 95°C for 1 min, primer annealing at 60°C for 1 min, extension at 72°C for 1 min, and a final extension at 72°C for 10 min. The PCR-generated DNA was purified with QIAEX II agarose gel extraction kit (Qiagen) from the agarose gel. Cloning and Expression-The purified PCR DNA fragment was ligated to pSTBlue-1 plasmid (blunt vector) using the Perfectly Blunt cloning kit (Novagen, Inc., San Diego, CA). DH5␣ (Invitrogen)-competent cells were then transformed with 1 l of the ligation mixture. Single colonies were isolated, and a correct plasmid (Rv3806c:pSTBlue-1) was identified by restriction digests followed by DNA sequencing. The gene was then cloned into pET16b by digestion of Rv3806c: pSTBlue-1 with NdeI and BamHI, followed by ligation into the pET16b vector to yield pET16b:Rv3806c. Because of the high frequency of mutation of Rv3806c during cloning, this plasmid was also sequenced before transformation into the expression cells. For expression, pET16b:Rv3806c was transformed into the Escherichia coli strains BL21(DE3) (Novagen), BL21(DE3) codon plus (Novagen), ER2566 (New England Biolabs, Beverly, MA), C41(DE3) (12) [dcm] . For expression, the cell cultures were induced using 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside at room temperature for 4 h. The cells were harvested, resuspended in buffer A (50 mM MOPS (pH 8.0), 10 mM MgCl 2 , and 5 mM ␤-mercaptoethanol), and sonicated or treated with a French press to break the cells. The cells were then centrifuged at 20,000 ϫ g for 30 min to separate the supernatant and pellet. When preparing membranes, the supernatant was then ultracentrifuged at 100,000 ϫ g for 1 h, and the resulting membrane-enriched pellet was then removed and homogenized in a small amount of buffer A.
SDS-PAGE was run using 12% gels, and proteins were visualized by Western blot or silver staining. Before loading to the gel, the membrane proteins were treated at 45°C for 10 min in loading buffer rather than boiled, as is commonly done. The lower temperature incubation in loading buffer was absolutely essential for the detection of expressed Rv3806c protein by SDS-PAGE. For Western blots, polyvinylidene difluoride membranes were used, and monoclonal anti-polyhistidine (mouse IgG2a isotype; Sigma) followed by anti-mouse-IgG-alkaline phosphatase conjugate (Sigma) were used as primary and secondary antibodies.
Phosphoribose (10) . Mycobacterium smegmatis mc 2 155 membranes (10) were used as positive control, and E. coli membranes of BL21(DE3) or ER2566, which harbored empty pET16 vector, were used as negative controls. Each standard 30-l reaction contained 0.18 nmol (45 nCi) of HPLC p[
14 C]Rpp, 4 g of decaprenyl phosphate (DP), 5 g of membrane protein, and 0.25 or 1% CHAPS in buffer A. The DP was initially dissolved in 7.5% CHAPS, which allowed for its reproducible addition to the reaction mixtures. This procedure set a practical lower limit of 0.25% CHAPS (final concentration). To determine lipid specificity, geranylgeranyl monophosphate (C-20), C-60-prenyl monophosphate, or C-75-prenyl monophosphate were used instead of DP. Other changes in the reagents or concentrations were as described in the legends to Figs. 2 and 5 as shown in Figs. 5-8. After incubation at 37°C (for 30 min unless specified otherwise), the reactions were quenched by adding 560 l of chloroform/methanol (2:1) and 64 l of water. In the experiment showing the conversion of DPPR to DPR, the initial incubation was for 10 min followed by the addition of 20 units of alkaline phosphatase and further incubation for 30 min before the addition of the organic solvents. For the determination of the apparent K m of pRpp, the reaction time was reduced to 5 min, and various amounts of non-radioactive pRpp (MP Biomedicals, Aurora, OH) were added. After separation of the organic layer from the aqueous layer, a portion of the organic phase was counted. For thin layer chromatography (TLC) analysis, the remaining organic phase was evaporated to dryness and then resuspended in chloroform/methanol/ammonia hydroxide (1 M) (65:25:4). Samples were loaded on an aluminum-backed silica gel (60 F254; Merck) TLC plate, and the plate was run in chloroform/methanol/water/ concentrated ammonia hydroxide/ammonium acetate (1M) (180:140:23: 9:9). Autoradiography was carried out by exposing X-OMAT AR film (Kodak) to the TLC plate for a couple of days at Ϫ80°C.
Reverse Phosphoribose Transferase Assay-Decaprenylphosphoryl-5-phospho[
14 C]ribose was prepared as described above but not isolated by the organic extraction. Instead the membranes containing the decaprenylphosphoryl-5-phospho [ 14 C]ribose were isolated by 100,000 ϫ g centrifugation and then treated with buffer A only (control) or buffer A containing 5 mM inorganic pyrophosphate. After 15 min of incubation the membranes were removed by ultracentrifugation, and the supernatant was analyzed for p [ 14 C]Rpp by HPLC (10).
Characterization of the Product of DPPR Synthase-The organic phase from the phosphoribose transferase assay was dried and then hydrolyzed for 30 min with 0.2 M trifluoroacetic acid at 100°C. After removal of the acid by evaporation and two evaporations with methanol, an aliquot of the sample was analyzed by ion exchange using a PA-1 column as described (10) for sugar phosphates. The remainder was treated with alkaline phosphatase (10 units in buffer A) and then analyzed by ion exchange on the PA-1 column using the conditions for neutral sugars (10) .
RESULTS

Identification of Rv3806c as a Candidate for the Gene Encoding 5-Phospho-␣-D-ribose-1-diphosphate:
Decaprenyl-phosphate 5-Phosphoribosyltransferase-Earlier studies by some of us revealed that A. caulinodans D-arabinofuranosylated the nod factor produced by this nitrogen-fixing symbiotic organism (11, 13) . Furthermore, a gene cluster responsible for this arabino- sylation was identified by knock-out experiments. 3 The gene cluster contained four genes named noeC (11), noeH, noeO, and noeP. BLAST search analyses revealed that the first three genes had significant homology to genes in mycobacteria, whereas the last gene, noeP, did not. The proteins encoded by noeH and noeO both showed homology to oxido-reductase enzymes and, thus, were suspected as being involved in the epimerization of the ribosyl residue to the arabinosyl residue; indeed, we have now shown that this epimerization is a two step process and that a keto-pentosyl intermediate is involved. 2 In contrast, a BLAST search of the protein encoded by noeC and its homolog in M. tuberculosis, Rv3806c, revealed a conserved domain found in prenyl transferase enzymes (COG0382, UbiA, 4-hydroxybenzoate polyprenyltransferase domain (14) ; Rv3806c showed a score of 103 and an E-value of 3e-23), suggesting a polyprenyl phosphate binding domain as would be required for 5-phospho-␣-D-ribose-1-diphosphate:decaprenylphosphate 5-phosphoribosyltransferase (now referred to more simply as DPPR synthase). Also, homologs to Rv3806c were found in all mycobacteria that have been sequenced and, in an insertional mutagenesis study of M. tuberculosis, Rv3806c was found to be an essential gene (15) . The search for a phosphoribose transferase domain was inconclusive. There was some homology to Pribosyltran, a phosphoribosyl transferase domain (Pfam accession number PF00156.11), but this overlapped the area identified as the polyprenyltransferase domain. Analysis by the SOSUI prediction system for membrane proteins (16) revealed nine transmembrane-spanning domains of the protein, again consistent with what was expected for DPPR synthase. Although the bioinformatics data were far from conclusive, they were suggestive enough that Rv3806c was deemed to be a suitable DPPR synthase gene candidate, and efforts to confirm this hypothesis were undertaken.
Cloning and Expression of M. tuberculosis Rv3806c-The general cloning strategy involved PCR, ligation into pSTBlue-1, excision of the gene followed by cloning into pET16b, and transformation into an expression strain. In early experiments, PCR products ligated into pSTBlue-1 with the correct sequence were later found to have mutations after amplification in our hands in the NovaBlue cloning strain. Finally, it was recognized that for this gene the use of DH5␣ as the cloning strain allowed such mutations to be avoided. Several expression strains of E. coli were then tested including BL21(DE3), C41(DE3), BL21(DE3) codon plus, BL21(DE3): pKJE7 (pKJE7 expresses chaperones), and ER2566. The results with BL21(DE3) were variable and unreliable, and recovery of the plasmid showed a tendency for mutations to occur. No improvement was seen using the codon plus BL21 strain nor with the C41(DE3) strain. No colonies at all could be obtained after transformation into BL21(DE3):pKJE7, the chaperone-producing strain. In contrast, transformation into the strain ER2566 resulted in membranes with robust enzymatic activity. Western blots and silver-stained gels (Fig. 1) revealed the expressed protein in the membrane fraction prepared from ER2566 pET16b:Rv3806c. The 3806c protein as cloned has a predicted molecular mass of 33 kDa and runs slightly faster than the 33-kDa standard under the SDS-PAGE conditions used.
Demonstrating DPPR Synthase Activity and the Putative DPPR Product-The reaction catalyzed by DPPR synthase is 14 C]Rpp was incubated with DP and the Rv3806c protein for 7 min in duplicate samples to form DPR as shown in Fig. 2 . However, instead of organic extraction the membranes containing both the Rv3806c protein and the DPPR product were centrifuged at 100,000 ϫ g. One pellet was then resuspended in buffer containing PP i and the other in buffer only. After a 15-min incubation the reactions were recentrifuged, and the supernatants from the PP i -containing incubation (A) and non-PP i -containing incubation (B) were analyzed by ion exchange chromatography for the presence of radioactive pRpp. illustrated in Fig. 2A , and the time-dependent conversion of the 14 C in p[
14 C]Rpp into organic soluble material after incubation with E. coli membranes containing the Rv3806c protein is shown in Fig. 2B (only background reactivity was found in the organic phase using a control strain of E. coli transformed with empty pET 16b vector). TLC analysis (Fig. 2C) shows a major product in the organic material migrating the same way on TLC plates as authentic DPPR and a minor product co-migrating with DPR. The DPR is postulated to be due to transformation of the initial product, DPPR, to DPR by endogenous E. coli phosphatases.
The identity of the DPPR was confirmed by several characterizations. Treatment of the presumed DPPR with alkaline phosphatase yielded DPR as shown in Fig. 3A . Acid hydrolysis of the presumed DPPR enzyme product with 0.2 M trifluoroacetic acid released ribose-5-phosphate (Fig. 3B) . Further treatment of the released ribose-5-phosphate with alkaline phosphatase yielded free ribose (Fig. 3C) . Finally, the structure of the product was confirmed by converting it back to pRpp (Fig.  4) in the presence but not the absence of PP i using the DPPR synthase in the reverse direction (see Fig. 2) .
Characterization of DPPR Synthase, Including Detergent, Divalent Cations, pH Optimum, and Temperature-CHAPS detergent was required to observe enzymatic activity. However, as shown in Fig. 5A , concentrations Ͼ0.25% resulted in diminished enzymatic activity. Testing concentrations Ͻ0.25% was not practical because of the requirement of using 7.5% CHAPS to reliably solubilize the exogenous DP substrate. When the 10 mM Mg 2ϩ in the buffer used to resuspend the membranes was replaced with 5 mM EDTA, no enzymatic activity was present (Fig. 5B) . The activity was almost fully recovered by adding 20 mM Mg 2ϩ to the EDTA-containing buffer; 20 mM Ca 2ϩ and 20 mM Mn 2ϩ resulted in only 13 and 22% of the activity found with Mg 2ϩ (Fig. 5B) . Thus, a divalent cation is required for activity. The enzyme showed a pH optimum of pH 7.5-8 (Fig. 5C) . Finally, the enzyme was found to be rather temperature stable as shown in Fig. 5D . Higher temperatures than those shown resulted in protein precipitation.
Substrate Specificity and Concentration Dependences-The enzyme was tested for specificity with respect to the polyprenyl phosphate as shown in Fig. 6 . These data revealed a strong preference for polyprenyl phosphates near C-50, with no reactivity seen with C-20 and weak reactivity seen with C-75. The effect of DP concentration on enzyme activity is shown in Fig.  7 . Obtaining reproducible data required pre-solubilization of the DP in CHAPS as described under "Materials and Methods." From these data an apparent K m of 22.4 Ϯ 4.6 M was obtained by nonlinear regression using the program Grafit 5.0.
No close substrate analog of pRpp was available to test the specificity for this substrate, although GDP-mannose and UDP-galactose, not surprisingly, were not utilized by the enzyme. The effect of pRpp concentration on the rate of the enzyme is illustrated in Fig. 8 . From these data an apparent K m for pRpp was calculated by nonlinear regression to be 120 M (Ϯ 16 M) using the program Grafit 5.0.
DISCUSSION
The biosynthesis of D-arabinofuranose has proven challenging to study in mycobacteria, in part because it is essential for mycobacterial viability and, thus, many genetic methods are difficult to apply. Early work was hampered by the expectation of a sugar nucleotide of arabinose, and much effort was expended in this and other laboratories to identify such. All reproducible results now suggest that no sugar nucleotide of D-arabinofuranose is present in mycobacteria. The initial clue as to the precursors of D-arabinose came from feeding hexoses labeled in specific carbons to mycobacteria (9) , which strongly suggested that the D-arabinose five-carbon skeleton was formed in the pentose shunt. A major step forward (10) then followed when it was recognized that membrane fractions of M. smegmatis were capable of converting pRpp to decaprenylphosphoryl-D-arabinose and, furthermore, that DPPR was an intermediate. Attempts in our laboratory to purify and sequence the responsible enzymes from membrane preparations have been unsuccessful. The necessary breakthrough came when those of us working on Azorhizobium, one of the few groups of organisms outside Actinomycetales to synthesize Darabinofuranose, were able to identify a D-arabinose operon by gene knock-out studies 3 (11) . These studies helped by allowing the precise pathway from pRpp to decaprenylphosphoryl-Darabinose to be determined 2 and, as shown here, to identify and express the gene encoding the first enzyme in the pathway, a new phosphoribosyl transferase that transfers ribose-5-phosphate to decaprenyl phosphate. The enzyme was found to be difficult to express but ultimately was well expressed in E. coli ER2566, although the reason for success in that particular strain is unclear. The expressed enzyme is found in the membrane fraction consistent with the SOSUI prediction of nine transmembrane domains. The enzyme was found to require Mg 2ϩ for activity and also, as expressed, required CHAPS detergent. It has a pH optimum of 7.5-8 and apparent K m values for pRpp and DP of 120 and 22 M, respectively. As shown in Fig. 4 and earlier (9) , the reactions catalyzed by DPPR synthase are reversible as one sugar phosphate bond is replaced by another; however the next biosynthetic step, the removal of the phosphate from C-5 to form DPR, is not reversible.
Not surprisingly, this enzyme has been shown to be essential for mycobacterial growth in vitro (15) . Thus, DPPR synthase has potential as a target for new tuberculosis drugs given the following: 1) its essentiality; 2) the fact that ethambutol is a known drug that inhibits arabinan formation; and 3) that it catalyzes a reaction not found in humans. One concern is that many important phosphoribosyl transferases are present in humans; however, the lack of a clear pRpp binding site as is found in such enzymes is encouraging. Site-directed mutagenesis studies are ongoing to identify amino acids involved in substrate binding and catalysis.
